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Standard circular ConFlat® (CF) ﬂanges are widely used in industry due to their high sealing reliability
after being subjected to a bakeout process. The Beam Gas Ionisation (BGI) instrument for the CERN
Proton Synchrotron accelerator will require a CF-like rectangular sealing system. Although rectangular
CF-type ﬂanges with plastically deforming metal seals have been used, no published designs with
validated tests for bakeout under UHV conditions are available. Existing circular CERN CF ﬂanges were
compared and a design for a rectangular CF ﬂange was proposed. Two prototypes were manufactured
along with copper gaskets. The ﬂanges and gaskets were cleaned and prepared for extensive vacuum
testing after bakeout cycles up to 350 C. This paper summarises the design, analysis and manufacturing
process and describes the testing procedures and results. Additionally, the limitations when designing a
ﬂange of any shape were explored.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The Beam Gas Ionisation (BGI) instrument of the CERN Proton
Synchrotron accelerator, presently under development, will need a
rectangular all-metal sealing system for an Ultra High Vacuum
(UHV) environment. In view of the potential use in accelerators and
instrumentation, this sealing system shall be bakeable in order to
achieve the required vacuum pressure and low outgassing rates.
Previously, many CERN non-circular ﬂange designs were based on
spring-loaded sealing systems. These require a tightly deﬁned
surface roughness and ﬁnish. In addition, the choice of seal pro-
ducers is limited.
Circular CF ﬂanges have been extensively used for accelerator
and industrial applications and have proven to be very reliable. The
assembly is composed of a copper gasket bolted between two
ﬂanges with knife-edge proﬁles. The knife-edges penetrate into the
gasket by 0.4 mm per side. The resulting plastic deformation of the
gasket and contact pressure between ﬂange and gasket provides a
leak-tight seal.
The aim was to design a rectangular CF sealing system, manu-
facture it and test its sealing reliability. Additionally, the limitations
of a generic ﬂange shape design were explored., Switzerland.
ss).
r Ltd. This is an open access articl2. Literature survey
A literature survey was conducted to ﬁnd existing designs,
patents and previous uses of similar rectangular ﬂanges. Two
lapsed patents were found. These described a “Seal Structure for a
Metal Vacuum Joint”. The ﬁrst patent [1] described a ﬂange which
required a spacer between the ﬂanges in addition to the sealing
gasket. The second patent [2] described a ﬂange comprised of two
parts: an outer and an inner housing.
Accounts of previous uses of rectangular CF-like ﬂanges were
obtained from the SLAC National Accelerator Laboratory, where
several pairs of PyraFlat and custom-made ﬂanges had been used
[3]. Similar ﬂanges have been used at Diamond Light Source [4].
No other records of studies validating the limitations of a CF
rectangular ﬂange were found. Despite the fact that rectangular
ﬂanges with CF-type seals have been used, no published account
has been found to show that the ConFlat seal principle can be
used for a non-circular ﬂanges under fully bakeable UHV
conditions.3. Design
The initial input requirements for the design of the ﬂange were
threefold: the inner opening should be 218 mm long, it should be
98mmwide and the corners should have a nominal radius of 9mm,
as seen in Fig. 1.e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Required inner dimensions for the rectangular ﬂange.
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CF ﬂanges were analysed to compare key design parameters. For
the DN100, DN150, DN200, and DN250 CERN CF ﬂanges the dis-
tance between bolt holes and the knife-edge and the bolt size (M8)
were found to be similar; while the ﬂange thickness and distance
between bolt-holes (centre to centre), were found to vary quasi-
linearly with increasing ﬂange size as shown in Fig. 2.
The ﬂange thicknesses ranged from 19.7mm to 25.9mm and the
bolt spacing from 25.4 mm to 30.5 mm.
However, the DN235 CERN CF ﬂange was found to have an
anomalous design. It uses M10 bolts, is thinner than the smaller
DN200 and hasmorewidely spaced bolt holes, at 35mm, due to the
larger bolt size used.
The proposed rectangular design has a thickness of 21.9 mm, the
same as the DN150 ﬂange. Whilst ﬂanges can deform if they are too
thin, a 21.9 mm thickness entailed good balance between ﬂange
stiffness and reduction in mass and use of material with respect to
circular ﬂanges of similar size.
As studied by Filtney and Brown, one of the industry standard
models for bolt spacing, the force under the bolt can be shown to be
distributed in a 45 cone [5]. To ensure an even distribution of the
sealing force, the 45 cones of adjacent bolts should overlap at the
sealing surface. Hence, the reduction in thickness in the rectangular
ﬂange with respect to ﬂanges of similar size was compensated by
placing bolts closer to each other.Fig. 2. Comparison of ﬂange thickness and bolt spacing for the circular and rectangular
ﬂanges.Maintaining the bolt size used in circular ﬂanges, the rectan-
gular ﬂange includes 28 bolt holes for M8 bolts, with two different
bolt spacing distances. The bolt holes along the long sides of the
ﬂange were spaced at 27.5 mm. On the other hand, the bolt-holes
on the short side were at 25 mm from each other, in order to ﬁt
an even number of bolts in the space available. Additionally, a bolt
hole was placed on each corner to ensure an even distribution of
the sealing force around the ﬂange.
Fig. 2 shows the ﬂange thickness and bolt spacing for the ﬁve
circular ﬂanges and for the rectangular ﬂange.
All ﬁve circular ﬂanges studied used the standard CERN knife-
edge, shown in Fig. 3a. The radius between the vertical edge and
the 20 surfacewas designed to be 0.1mm. However, themetrology
results on two ﬂanges, a DN60CF and a DN150CF, chosen at random,
showed that this had been manufactured with a radius of up to
0.2 mm. Hence, the radius in the rectangular design was increased
to 0.2 mm (seen in Fig. 3b) to simplify the machining process.
Two leak test slots are included in the circular CF ﬂanges while
four were included for testing purposes in the rectangular proto-
type ﬂange.
4. Analysis
When the bolts are tightened, the preload tension creates an
equal and opposite clamping force which brings the ﬂanges
together. This force is translated into a pressure between the knife-
edge and the copper gasket. The knife-edge indentation results in a
plastic deformation of the gasket.
ANSYS FE methods were used to model the ﬂange. The
washers were considered as ﬁxed supports and a sealing force
was applied along the knife-edge surface. This corresponds to the
observation of ﬂange-to-ﬂange sealing. The sealing force was
derived from the bolt preload required to seal the ﬂanges as
studied by Lutkiewicz and Rathjen [6]. In order to seal a pair of
DN100CF ﬂanges, a 220 kN load should be applied; given a knife
tip circumference of 362.23 mm, the sealing load per unit length
is then 607.35 N/mm.
Two different ﬂanges were analysed for comparison: the rect-
angular design and a DN200CF ﬂange. From experience it is known
that even if only half of the bolts in an assembly are used, the
ﬂanges can still be leak-tight. To study this, the ﬂanges were
modelled twice: once using all bolts (28 bolts in the rectangular
ﬂange, 24 bolts in the DN200 ﬂange) and then again, using one out
of every two bolts.
Moreover, for each ﬂange, a blank model and a bored model
were analysed.
Figs. 4 and 5 show the deformation along the knife edge for the
DN200CF and rectangular ﬂanges respectively.
The nominal gasket penetration, 0.4 mm, minus the vertical
deformation of the knife edge is equal to the calculated penetration.
Hence, in Figs. 4 and 5, a large deformation of the knife edge is
equivalent to a low penetration into the gasket. Likewise, the lower
the deformation of the ﬂange knife edge, the greater the indenta-
tion of the ﬂange into the copper gasket.
The maximum deformation along the knife-edge of the circular
blank ﬂange was 13.7 mm (using all bolts). The maximum defor-
mation along the knife edge perimeter of the rectangular blank
ﬂange was 14.0 mm (using all bolts). Whilst the circular ﬂange has a
regular, sinusoidal deformation, the rectangular one has a distinct
deformation on the sides and corners, as seen in Fig. 5. The corners
deform the least due to the increased stiffness of the area. On the
other hand, the highest deformations can be found on the long
sides.
Similarly, the blank ﬂange deforms less than the ﬂange with the
centre machined away. As expected, when less bolts are used the
Fig. 3. a) Original CERN knife design. b) Modiﬁed design for rectangular ﬂange.
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Fig. 4. Calculated vertical deformation along the knife edge of a standard DN200
ﬂange.
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Fig. 5. Calculated vertical deformation along the knife edge of the rectangular ﬂange
designed.
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results show that when one out of every two bolts are used, the
deformation increases and hence the ﬂange penetration is reduced
but never by more than 40 mm.
Based on the reliable circular CF sealing system, the proposed
rectangular ﬂange can be considered to be equally conservative.
5. Manufacturing
Following the design of the ﬂange, two prototype rectangular
ﬂanges were manufactured in-house at CERN. The ﬂanges were
made from round 316LN forged blanks used for CERN CF ﬂanges.
Once the correct outer dimensions and thickness had been
attained, the knife proﬁle was machined. The knife-edge proﬁle
was machined in several steps; using one end-mill and four pre-
cision ball-nosemills of diameters 2, 0.9, 0.6 and 0.4mm. All axes in
a 5-axis CNC machine were used and the spindle speed was
18000 rpm for all steps in the knife machining process. This process
took approximately 20 h for each ﬂange.
Lastly, a hole was drilled in one of the two ﬂanges to which a
38 mm diameter stainless steel pipe was welded. A DN40CF ﬂange
was welded to the opposite end of the pipe and used to accom-
modate a pumping port. The other rectangular ﬂange was left
blank. Both rectangular ﬂanges were cleaned according to standard
CERN UHV procedures once all the machining operations were
complete.
Additionally, four gaskets were made from an oxygen-free silver
(OFS) copper scratch-free sheet. They weremanufactured bywater-
jet cutting of the 2 mm thick sheet, with the edges bevelled to
0.2 mm. Two of the gaskets were degreased and the other two
gaskets cleaned and silver-plated.
6. Leak tests
6.1. Procedure
Following the manufacturing and cleaning operations, the
ﬂanges were assembled using a gasket, 28 silver-plated stainless
steel M8 bolts, and non-coated stainless steel washers and nuts.
The bolts were tightened following a pre-established sequence
until all bolts had a torque of 35 Nm to ensure a ﬂange-to-ﬂange
contact.
In order to perform the leak tests, the assembly was connected
to a pumping system and a leak detector as shown in Fig. 6. In
addition, bakeout equipment was placed around the ﬂange to carry
Fig. 6. Leak testing setup.
Fig. 7. Multi-lobed ﬂange designed as an example.
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Thirteen type-E thermocouples were distributed over the
ﬂanges. The ﬂanges were wrapped in heating tape, followed by
three layers of 10mm-thick aluminium-coated ﬁbreglass insulation
and aluminium foil. This whole assembly was held together by
aluminium adhesive tape.
The leak tests and bakeout cycles were divided into three series,
each using a different gasket. A total of 20 bakeout cycles were
performed.
Series 1 consisted of a single bakeout cycle to 150 C (held for
24 h, ramp-up and cool-down rate 50 C/hr), using a non-coated
copper gasket. Leak tests were carried out at room temperature
before and after the bakeout and one test was carried out during
the cycle at 150 C.
For Series 2, a silver-coated copper gasket was used. Six cycles
were performed with temperatures ranging from 150 to 350 C
(maintained for 24 h, ramp-up rate of 50 C/hr). Again, leak tests
were performed before, during and after each temperature cycle.
For Series 3 the gasket was replaced by a new silver-plated
copper gasket. This series was composed of 14 cycles, all of which
had a maximum temperature of 350 C (maintained for 5 h). The
ﬁrst ten cycles had ramp-up rates of 50 C/hr, followed by two
cycles at 100 C/hr and ﬁnally two cycles at 150 C/hr. Leak tests
were performed only before, during and after six of the fourteen
cycles.
This is summarised in Table 1.
The leak detector was calibrated using a calibrated leak at
1.7  109 Pa m3 s1.
6.2. Results
Thirty-six leak-detection tests were carried out, 12 of which
were at bakeout temperatures and 24 at room temperature.
Since no leaks were found in any of the 36 tests, the maximum
leak rate possible is in the order of the sensitivity which was be-
tween 1  1012 and 2  1012 Pa m3 s1. Therefore the leak
tightness of the system is better than 2  1012 Pa m3 s1.
7. Limitations
The use of circular CF ﬂanges can be limited by space orTable 1
Bakeout series and characteristics.
Gasket type Number of
bakeout cycles
Bakeout
temperatures (C)
Ramp-up
rates (C/hr)
Series 1 Copper 1 150 50
Series 2 Silver-plated
copper
5 150 to 350 50
Series 3 Silver-plated
copper
14 350 50 to 150instrument geometry. After successfully manufacturing and testing
a non-circular CF ﬂange, the possibility of designing irregularly-
shaped ﬂanges was studied with the aim of understanding the
limiting factors.
A bakeout is not a constraint when designing intricately-shaped
ﬂanges if the material is isotropic and the bakeout temperature
regular throughout the ﬂanges as the ﬂanges will retain their
original aspect ratio.
The knife proﬁle is 3.05 mm in width. This implies that in the
design of a ﬂange, all corners along the knife perimeter must have a
radius of at least 3.05 mm to maintain the proper knife-edge
geometry.
The maximum bolt tension and bolt-to-nut friction must be
considered on an individual basis, for the ﬂange being designed. A
load of at least 607.35N/mmaround the knife-edge perimeter should
be respected tomake theﬂange leak-tight, as explained in the Section
4. The deformation along the knife-edge should be of the same order
as for a circular CF ﬂange regardless of the ﬂange geometry.
Fig. 7 shows an example of a ﬂange that could be designed given
these limitations. The ﬂange is made up of six identical lobes and
contains 30 M8 bolt-holes. Fig. 8 shows the rectangular ﬂanges and
one of the seals.Fig. 8. The two rectangular ﬂanges and one of the copper gaskets after testing.
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A rectangular CF ﬂange for the Beam Gas Ionisation instrument
of the CERN Proton Synchrotron was designed based on the prop-
erties of standard CERN circular ﬂange designs. Two prototypes
were manufactured, dimensionally checked and cleaned. The
ﬂanges were then leak tested before, during and after bakeout cy-
cles. A total of 20 bakeout cycles and 36 leak tests were carried out.
No leaks were found. The leak tightness was always better than
2  1012 Pa m3 s1, determined by the equipment sensitivity.
Additionally, the limitations which might be encountered when
designing a generic CF ﬂange for any instrument were explored.
Any corners present along the knife-edge perimeter should be
more than 3.05 mm in radius. Nomajor drawbacks were found that
would prevent the design of a ﬂange of any geometry within the
restrictions described.Acknowledgements
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